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Polymer Batteries 
 
Ziyin Huang 
Advisor: Christopher Y. Li, PhD 
Mentor: Qiwei Pan, PhD 
 
 
Lithium metal batteries, which use lithium metal as the anode, have the advantage 
of much higher energy density over the commercially used lithium-ion batteries with 
graphite as the anode. However, during repeated charge-discharge cycles, lithium dendrites 
may form due to uneven deposition of lithium on the lithium metal anode, and lithium 
dendrite growth induced short-circuits are always a problem preventing lithium-metal 
batteries from being used in a lot of applications. Using solid polymer electrolyte (SPE) 
for lithium metal batteries has the benefit of using the electrolyte as the electrode separator 
while inhibiting the growth of lithium dendrites. The current most significant issue for 
SPEs is low ionic conductivity at room temperature. Poly(ethylene glycol) (PEG) has been 
extensively used for SPE systems due to its strong lithium ion solvating ability and high 
dielectric constant.  
In this study, crosslinked PEG polymer electrolyte membranes were synthesized 
with different amount of plasticizers to produce samples with different ionic conductivities 
and mechanical properties. It was shown that, with the increase amount of small PEG 
molecules added, the ionic conductivities of the SPEs showed significant increase and 
mechanical properties decreases. Performance of the electrolytes was correlated with both 
properties, and the results were analyzed to propose the ideal design for PEG polymer 
electrolytes for lithium metal polymer batteries. 
1 
Chapter 1. Introduction 
 
 
1.1. Overview 
With the fast developments and evolutions of electronics technology, the 
electronics industry demands batteries that can support higher power consumption and last 
longer without adding additional weight to the electronics to maintain the portability of the 
devices. Thus, there is an urgent need for improvement of fast-charging and long-lasting 
secondary batteries to have smaller size and lighter weight while still being safe and 
reliable.[1, 2] In order to satisfy the need of such high efficiency energy storage technology 
with high safety factor and low cost, new methods of energy storage are needed.[3]  
 
 
Figure 1-1. Practical specific energies for some rechargeable batteries, along with estimated driving distances 
and pack prices.[3] 
 
Currently, the commercially used lithium-ion batteries have graphite as the anode 
material and lithium salt dissolved in organic liquid as electrolyte. Graphite is cheap and is 
2 
abundant, but graphite doped with lithium ion has limited lithium supply and thus relatively 
low energy density which becomes a limiting factor of battery life in use. Despite ionic 
liquids have high ionic conductivities for lithium ion transport, as liquids, they have poor 
mechanical properties to prevent lithium-dendrite-growth-induced short-circuits in the 
batteries.[4] Additionally, liquid electrolytes are typically flammable, and several instances 
have been reported that the lithium batteries in smartphones caught on fire due to 
overheating.[5, 6] 
Lithium-metal battery is one potential solution to such problem and improve the 
properties of the batteries to meet the demand for better performance in electronics. 
Lithium-metal batteries with lithium metal as anode have advantages over the 
commercially available graphite-based lithium-ion batteries, for lithium metal has higher 
energy density and can serve as cation source in the batteries. Solid polymer electrolytes 
are preferred for lithium metal batteries because they are solid materials which can serve 
as electrode separators to prevent short circuits and soft materials which create good 
contacts with the electrodes, yet the ionic conductivities of most polymer solids are too low 
to be suitable.  
Poly(ethylene glycol) (PEG) is a promising candidates for solid polymer electrolyte 
in lithium-metal batteries due to its strong ability of lithium solvation comparing with other 
polymers, and it is being extensively studied for manufacturing methods and battery 
performances. PEG-based polymer electrolyte can be a potential material choice to produce 
lithium-metal polymer batteries to resolve the problems with lithium batteries and energy 
storage. 
 
3 
1.2. Motivation and project outline 
Hybrid polymer electrolytes with a crosslinked network structure and plasticizer 
were designed and produced for lithium-metal polymer battery application. The 
crosslinked network framework was selected for: 
1. high conductivity; 
2. good mechanical property; 
3. easy to manufacture; 
4. good resistance to lithium dendrite growth. 
With the help of a plasticizer, two series of samples with different electrochemical 
and mechanical properties were synthesized, and the properties were used to study the 
performance of the SPEs using galvanostatic polarization and cycling experiments. The 
results were analyzed for the correlations among the properties and performances of the 
materials to give better understandings on how to design optimal electrolyte materials for 
lithium-metal polymer battery applications. 
 
  
4 
Chapter 2. Background 
 
 
2.1. Lithium-Ion Batteries and Lithium-Metal Batteries 
2.1.1. Overview of the development of batteries 
A battery is an electrical energy supply device that has one or more electrically 
connected electrochemical cells.[7] Typically, a battery consists of a cathode, an anode, 
and electrolyte, and the voltage of the battery depends on the potential of the half cells 
during redox reactions (Figure 2-1).[7] The electrode materials are electronic conductors 
which have different redox potentials at the anode and cathode to create the potential 
difference and therefore to supply a voltage to external circuits. The electrolyte is an ion 
conductor and electron insulator that transports ions between the electrodes to balance the 
charge in the cell during charging or discharging of the battery.[7] The electrolyte also 
serves as a physical separator between the anode and cathode to help build up and maintain 
the potential difference of the cell by preventing electrons from moving between the two 
electrodes inside the battery. 
In general, there are two categories of batteries: primary battery and secondary 
battery. A primary battery is assembled in the charged state and is discarded after the 
electrical energy is exhausted, while a secondary battery is rechargeable and its electrical 
energy may be restored to its charged condition after being discharged by reversing the 
current flow through the cell.[7] Despite secondary batteries typically have lower energy 
storage capabilities than primary batteries, they are more desirable and have a greater and 
still increasing market size due to the increasing demand for sustainable energy supply and 
storage.[7]  
5 
 
Figure 2-1. Block diagram of a simple electrochemical cell.[7] 
 
The first developed secondary battery is lead-acid battery which was invented by 
French physicist Gaston Planté in 1859, and it dominated the market for secondary batteries 
for a long time.[8, 9] Despite lead-acid batteries are low-cost and easy to manufacture, they 
have low cycle life, low energy density and low efficiency (~25% of theoretical value of 
specific energy), and leakage of the concentrated sulfuric acid electrolyte with lead ions 
can cause severe damage.[7, 8] Nowadays, the applications of lead-acid battery are 
restricted to starting, lighting, ignition in automobiles and standby applications.[4] Nickel-
cadmium (Ni-Cd) batteries are the first secondary cells that could be assembled in portable 
sealed cells due to their higher specific capacity, and soon, the improved nickel cell with 
metal hydride anode secondary batteries (Ni-MH cells) were replacing Ni-Cd batteries due 
to even higher energy storage capability and lighter weight than Ni-Cd batteries.[7, 10] 
6 
However, a low cell voltage of 1.2 V limits the scope of applications of the nickel 
batteries.[4, 7, 10] 
In order to meet the increasing demand for energy storage that can last longer in 
smaller and lighter electronics, secondary battery systems with higher energy density by 
both volume and mass are needed (Figure 2-2). Lithium batteries are great candidates for 
such need because lithium is the most electropositive material with a half-cell potential of 
-3.04 V comparing to the standard hydrogen electrode and the lightest metallic material, 
which makes lithium batteries a major unit for the future of energy storage (Figure 2-3).[4, 
11] 
 
 
Figure 2-2. Comparison of volumetric and gravimetric energy densities of several common battery 
technologies.[4] 
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Figure 2-3. History and future of batteries.[11] 
 
2.1.2. Lithium batteries and lithium dendrite growth 
Since 1958, lithium-metal batteries are believed to be the next generation of energy 
storage and has been intensively researched because of the high theoretical volumetric and 
gravimetric energy densities in lithium metal batteries.[12] Lithium metal can form a solid 
electrolyte interface (SEI) passivating layer on the surface when in contact with electrolyte 
materials, thus the reactive lithium metal is actually stable in many non-aqueous 
solvents.[13] The first primary lithium-metal battery was assembled in 1970s [14], and in 
1976, fast rechargeable lithium-metal battery with TiS2 cathode was developed. [15] 
However, due to the lithium dendrite growth in the cell and lithium-dendrite induced short-
circuits in lithium-metal batteries, rechargeable lithium-metal batteries were not able to be 
produced or commercialized. [1] When the battery is discharging, the lithium ions will 
build up on the lithium-metal anode and as the concentration of lithium grows high on the 
surface of the anode, dendrite may nucleate and propagate on the anode (Figure 2-4a).[4, 
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16-18] Although the lithium dendrite may not destroy the battery right away and lithium 
dendrite can be partially dissolved during charging, lithium dendrite growth is not totally 
reversible (Figure 2-5) and residue of lithium dendrite may remain, build up, and eventually 
connect the two electrodes and short circuit the battery.[19] Liquid electrolyte has 
negligible mechanical property comparing to lithium metal, and the poor mechanical 
property makes such cells very vulnerable to lithium dendrite growth. Therefore, at that 
time, lithium-metal battery was restricted to primary battery.[1]  
 
 
Figure 2-4. Schematic of (a) lithium dendrite growth in lithium-metal battery and (b) lithium-ion battery.[4] 
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Figure 2-5. Observation of lithium dendrite growth under in situ TEM for lithium-ion battery with 
LiPF6/EC/DEC electrolyte.[19] 
 
A lithium-ion battery has a graphitic carbon doped with lithium salt as anode and a 
mixture of organic solvents with a lithium salt dissolved in it as electrolyte (Figure 2-4b).[4, 
20] With non-metallic electrode, lithium dendrites will not nucleate therefore there is less 
chance for lithium-dendrite induced short-circuits. Nevertheless, lithium-ion battery is not 
the most ideal energy storage device. Graphite has very low specific capacity (Cp = 372 
mAh g−1) comparing to lithium metal (Cp = 3860 mAh g−1), and lithium-metal battery 
should theoretically have much higher energy storage capability and efficiency than 
lithium-ion batteries.[21, 22] In addition, since ionic liquids are volatile, liquid electrolytes 
have short shelf-life and possibility of leakage during operation as well as storage, and a 
more complicated fabrication process is needed for batteries with liquid electrolyte.[23] 
Due to the limitation of lithium-ion batteries, lithium-metal batteries are still more 
desirable. In order to prevent the previously known problems, different electrolytes were 
researched for lithium-metal batteries.  
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2.1.3. Electrolytes for lithium-metal batteries 
Electrolyte materials for lithium-metal batteries can be either ceramic or organic 
materials. Metallic materials are not suitable as electrolytes because they are electronic 
conductive, and aqueous-based solution systems used for other types of batteries cannot 
serve as electrolytes for lithium-metal batteries because lithium can have violent reaction 
in aqueous conditions.  
In general, ceramic electrolytes have better ion transport than organic electrolytes. 
Ceramic electrolytes are used in three forms: crystalline solid, amorphous glass, or molten 
state. Crystalline solid electrolytes have high concentration of mobile ions and low 
activation energy. Lithium ions can occupy tetrahedral and octahedral interstitial sites to 
give three-dimensional ionic conductivity.[23-25] Unlike crystalline materials, glass 
electrolytes have network structures. Typically, they consist of network formers to form 
crosslinked chains, network modifiers that introduce ionic bonds, and doped ionic salts to 
increase ionic conductivity.[23] Crystalline and glass forms of ceramics are brittle and have 
very bad contact with the electrodes, and thus they require soft or liquid electrodes for good 
contact which will be at least 180.5˚C for lithium-metal battery. The voltage of the cell is 
limited by the activation energy, which is the band gap between valance and conduction 
bands of the electrolyte (Figure 2-6b).[1] 
Molten electrolytes such as LiCl-KCl eutectic are in liquid form which should have 
great contact with electrodes, yet such liquid form might not inhibit lithium dendrite growth 
much better than organic ionic liquids, and the temperature for such electrolyte is very high 
(about 355˚C, which is even higher than the melting point for lithium metal) and makes it 
very hard to maintain.[23] On the other hand, organic ionic liquids are great electrolyte 
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materials for room temperature applications due to their high ionic conductivities and ease 
of processing, but they have safety issues outlined in Section 2.1.2. Porous membrane 
separators such as Celgard which can hold ionic liquid electrolytes may be used to enhance 
the overall mechanical property of the electrolyte, yet it adds weight to the cell.[26] The 
voltage of the cell is also limited by the activation energy, which is the energy difference 
between lowest unoccupied molecular orbital (LUMO) and highest occupied molecular 
orbital (HOMO) of the electrolyte (Figure 2-6a).[1] 
 
 
Figure 2-6. Relative energies of the electrolyte window Eg and the electrode electrochemical potentials μA 
and μC with no electrode/electrolyte reaction: (a) liquid electrolyte with solid electrodes; (b) solid electrolyte 
with liquid or gaseous reactants.[1] 
 
12 
Polymer electrolytes are considered the most optimal choice of material for all-
solid-state lithium-metal batteries at relatively low temperature because they are soft 
materials which can create good contacts with solid electrodes, and they have better 
mechanical properties than liquids which give them better ability to inhibit lithium dendrite 
growth. In addition, polymer electrolytes can also serve as the separator of the two 
electrodes in the battery.[27] Since the discovery of the ionic conductivity of poly(ethylene 
oxide) (PEO) in 1973 [28], PEO was soon proposed to a candidate as polymer 
electrolyte.[29-33] Polymer electrolytes will be discussed in more details in Section 2.2. 
Examples of different types of electrolytes for lithium-metal batteries are 
summarized in Table 2-1.[23] 
 
Table 2-1. Types of electrolyte for lithium-metal batteries summarized from Ref [23]. 
Electrolyte 
Type 
Ceramic Electrolytes Organic Electrolytes 
Crystalline 
Solid 
Electrolytes 
Glass 
Electrolytes 
Molten 
Electrolytes 
Organic 
Liquid 
Electrolytes 
Polymeric 
Electrolytes 
Example LISICON 
sulfide 
glasses 
LiCl-KCl 
eutectic 
Ethylene 
Carbonate 
Poly(ethylene 
oxide)  
Ionic 
Conductivity 
(S/cm) 
10-5~10-2, r.t. 10-5~10-2, r.t. 
> 1  
(at 355 ˚C) 
10-3~10-2 varies 
Advantage Single ion conductor 
High-
temperature 
batteries  
High room 
temperature 
conductivity, 
ease of 
processing 
Good 
interfacial 
contacts 
Disadvantage 
brittle  bad contact with 
electrodes 
Eutectic 
temperatures 
are high, 
hard for 
maintenance 
Flammable, 
require 
separator 
between 
electrodes 
conductivity 
100 to 1000x 
lower than 
liquid or 
ceramic 
electrolytes 
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2.2. Polymer Electrolytes  
2.2.1. Types of polymer electrolytes 
There are many different types of polymer electrolytes, including solid polymer 
electrolyte (SPE), polyelectrolytes, gel polymer electrolyte (GPE), ionic rubber, among 
others. 
SPEs, also called dry electrolyte, are solvent-free systems that can dissolve salts in 
polar polymer matrices. Polyelectrolytes, on the other hand, have ionizing groups 
covalently bonded to polymer backbones. GPEs are in gel form, where the salts are 
dissolved in the liquid phase and solid polymer phase is to give mechanical support for the 
material. Ionic rubbers are similar to GPEs that mix liquid electrolyte and high molecular 
weight polymers, but they use low-temperature molten salts.  
SPEs and plasticized SPEs are studied in this project. Plasticized SPEs are produced 
by adding ionic conducing plasticizers to the SPE systems. Plasticized SPEs are different 
from GPEs generally because the high MW polymer in GPE is usually not contributing to 
ion transport.[23] 
 
2.2.2. Solid polymer electrolytes (SPEs) 
As discussed in previous sections, there are advantages and disadvantages for 
polymer electrolyte materials. Certain criteria have to be met for a polymer to be used in a 
lithium-metal battery. When selecting a polymer as SPE for lithium-metal battery 
applications, the desirable properties include:[23] 
1. Ionic conductivity ≥ 10-4 S/cm at room temperature; 
2. High mechanical strength; 
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3. Low electronic conductivity; 
4. High chemical, thermal and electrochemical stabilities; 
5. Compatibility with the electrode materials. 
Most polymers are electronic insulators, and they have relatively high stability at under 
typical conditions.  
Compatibility with electrodes is the most important criteria for SPE. Lithium metal 
is very reactive; however, when the electrolyte material is in contact with lithium metal, a 
passivation layer called solid-electrolyte interface (SEI) layer is formed. Once the SEI layer 
is stable, lithium metal becomes stable in the system. This is analogous to aluminum oxide 
layer on aluminum surface to protect aluminum in air. The interface has a different 
resistance from the electrolyte (bulk). Sometimes impurities in the electrolyte and/or 
interface may cause another resistance in the equivalent circuit. The equivalent circuit of a 
typical lithium-metal polymer system is show in Figure 2-7.[34] 
This leaves ionic conductivity and mechanical strength the two properties that need 
most research on. As discussed in Section 2.1.3, the major disadvantage for polymer 
electrolyte is its low ionic conductivity. Low ionic conductivity means slow ion transport 
and low efficiency. This will hinder the performance of the lithium battery. In addition, 
low ionic conductivity also affects the current the electrolyte may have. 
Despite solid polymers have significantly better mechanical properties than organic 
liquids, lithium dendrites may still form in the cells. The lithium dendrite may penetrate 
the SPE film and short-circuit the cell. In galvanostatic experiments, there is a critical 
current defined as: 
 
𝐽∗ =
2𝑞𝐶0𝐷
𝑡𝑎𝐿
 (2.1) 
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Figure 2-7. (a) Equivalent circuit and (b) experimental and fitted impedance spectra of Li|PEO-LiTFSI|Li 
cell.[34] 
 
where q is the charge, C0 is the ion concentration, D is the diffusion coefficient, ta is the 
anion transference number, and L is the distance between the two electrodes. When the 
current density is less than this critical current, ion concentration will evolve to a steady 
state where the concentration gradient is constant (Figure 2-8a), and when the current 
density is higher, after a period of time (called Sand’s time [35]), the ion concentration will 
go to zero at the negative electrode and voltage of the cell will diverge (Figure 2-8b).[36] 
Above J*, dendrite forms in needle-like, tree-like, or bush-like morphologies at different 
current densities.[37] 
a 
b 
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Figure 2-8. Voltage profile over time when (a) J < J* and (b) J > J*.[36] 
 
Figure 2-9. Different lithium dendrite sizes and morphologies for samples under different current densities: 
(a) J = 0.2 mA/cm2, (b) J = 0.7 mA/cm2, (c) J = 1.3 mA/cm2.[37] 
a 
b 
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From Nernst-Einstein equation: 
 𝐷 =
𝜎𝑘𝐵𝑇
𝐶0𝑞2
 
(2.2) 
where σ is the ionic conductivity, kB is the Boltzmann constant, T is temperature. Combine 
Equations (2.1) and (2.2), it is shown that the critical current density is linearly dependent 
on ionic conductivity, and the lower the ionic conductivity, the less current density it can 
experience without experiencing Sand’s time. Therefore, high ionic conductivity for the 
electrolyte is desired. 
Mechanical properties of the SPE also determines its performance in lithium cells. 
When the modulus of the material is higher, it is harder for lithium dendrites to grow inside 
the SPE and therefore the cell can last longer without short-circuits. It was calculated that 
if the shear modulus of the SPE is twice that of lithium metal, the lithium dendrite growth 
can be mechanically suppressed.[38] Some extrapolation of experimental results also show 
that with a electrolyte modulus of about 10 GPa, the reciprocal of total charge passed till 
short-circuit goes to zero which indicates the time takes for lithium dendrite to penetrate 
the electrolyte goes to infinity, and the value is very closed to the calculated theoretical 
modulus required.[39] 
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Figure 2-10. Reciprocal of charge passed to short-circuit (1/Cd) versus storage for polystyrene-block-
polyethylene oxide electrolytes. 
 
2.2.3. Lithium ion transport in PEG 
Poly(ethylene oxide) (PEO) can be synthesized using either ethylene oxide or 
ethylene glycol as the starting monomer which both create the same polymer structure after 
polymerization, therefore, PEO may also be called poly(ethylene glycol) (PEG) based on 
the starting material. PEO was found to be the first polymer to have ionic conductivity in 
solid free system, and it is still being researched as a major candidate for solvent-free solid 
polymer electrolyte.[40] Shown by NMR and DSC techniques, semi-crystalline PEO with 
salts can have a salt-rich crystalline complex phase, a pure crystalline PEO phase, and a 
low-salt concentration elastomeric phase, but only the amorphous elastomeric phase has 
exhibit ionic conductivity because the salts do not dissociate in the PEO-salt complex or 
pure PEO crystalline phases and therefore those phases do not have ion mobility.[33, 41] 
Increase in conductivity at high temperature above polymer melting temperature is mainly 
due to the kinetic process of ion transport, but at temperatures below melting, conductivity 
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changes greater over time because the volume fraction of amorphous phase decreases when 
crystalline phases exist (Figure 2-11).[33, 42] 
 
 
Figure 2-11. Ionic conductivity vs. temperature for PEO with two salts.[33] 
 
When a lithium salts is dissolved in amorphous PEO phase, and Li+ ions can have 
coordinated bonds with five ether oxygens.[43] Further, the Li+ ions may be transported in 
a PEO system via intra-chain hopping or inter-chain hopping mechanisms to pass the ions 
from one coordinating site to another (Figure 2-12a), and such behaviors are promoted by 
polymer segmental chain motion.[23] Intra-chain hopping mechanism have the Li+ ions 
move among coordinate sites within the same polymer chain, thus it requires larger 
polymer chain sizes. Small polymer chains, on the other hand, may only transport Li+ ions 
to different chains via the inter-chain hopping mechanism.  
To incorporate the ion-ion interaction during ion transport in more realistic system, 
ionic cluster contributions should also be taken into consideration. Mechanism was 
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proposed that anions may be coordinated together with the Li+ ions and help the transport 
of the Li+ ions from one cluster to another cluster or to a different coordinate site (Figure 
2-12b).[23] This mechanism is reasonable, however, it has been determined by neutron 
powder diffraction technique that anions are not coordinated to the Li+ ions.[43]  
 
 
Figure 2-12. Cation motion in PEO assisted by (a) polymer chain motion and (b) ion cluster 
contribution.[23] 
 
a 
b 
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A major problem for PEO as electrolyte for lithium metal batteries is its low ionic 
conductivity. Pristine PEO has an ionic conductivity of ~10-8 S/cm at room temperature, 
which is significantly lower than the desired range of above 10-4 S/cm. [44] Modifying of 
the polymer structure or plasticizing the electrolyte can increase the ionic conductivity of 
the electrolyte to the working conductivity range. 
 
 
2.3. PEG/PEO-Based Crosslinked SPEs 
Crosslinking in polymer is the process when smaller polymer molecules are have 
physical treatments or react with chemical crosslinkers to form an infinite polymer 
network.[45, 46] Examples of crosslinked polymers include hydrogels, rubber, etc.  
Crosslinking is a strategy of modifying polymer for SPE applications because crosslinking 
lowers the crystallizability of the polymer and increase its amorphous phase to increase 
lithium salt dissociation and ionization [47, 48], and crosslinked polymers typically have 
better mechanical properties than the amorphous phase of their uncrosslinked counterpart 
[49, 50]. Ionic liquids and low molecular weight PEG with methoxy end-groups may be 
used as plasticizers for the crosslinked SPEs to increase their ionic conductivities.[51] 
Porcarelli, et al. reported super soft all-ethylene oxide electrolyte with 4-methyl 
benzophenone (MBP) as the light-induced hydrogen abstraction mediator (Figure 2-13). 
The electrolyte is very flexible and stretchable, and it has wide electrochemical stability 
window of >5 V vs. Li/Li+ and high lithium transference number of above 0.6.[52]  
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Figure 2-13. Schematic of the MBP-based UV-crosslinked PEO electrolyte.[52] 
 
Khurana, et al. produced crosslinked polyethylene/PEO SPE by polymerizing 
cyclooctene crosslinked with PEO, and different amount of PEG plasticizers were added 
to the system (Figure 2-14).[51] The SPEs exhibit high ionic conductivities (σ > 10-4 S/cm 
at 25˚C) and low modulus (G’ ≈ 0.1 MPa at 90˚C), and the polarization experiments 
showed excellent lithium dendrite growth resistance with short-circuit time much longer 
than the time calculated from the Chazalviel model (Figure 2-15) which indicates that 
crosslinked SPE have additional physical features for better dendrite growth inhibition and 
high modulus is not required.[51]  
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Figure 2-14. Synthesis diagram for PE-PEO SPE. 
 
 
Figure 2-15. Short circuit time vs. current density of the plasticized PE/PEO crosslinked SPE from Ref. [51]. 
 
Recently, Pan, et al. developed a new method to synthesize PEG-based dry SPE 
with polyhedral oligomeric silsesquioxanes (POSS) as the crosslinker in a one-pot reaction 
(Figure 2-16a), and the synthesis technique is easier to operate comparing to the 
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complicated procedures for producing other PEG electrolytes reported in the literature. The 
SPE has a crosslinked polymer network structure to enhance the mechanical properties of 
the electrolyte (G’ = 33.6 MPa at 105˚C) while maintaining high ionic conductivity (Figure 
2-17).[53] The mechanical properties of the SPE could be tuned by modifying the 
crosslinking structure of the material (Figure 2-16b), and such system showed superior 
lithium dendrite resistance. [53] 
 
 
 
 
Figure 2-16. (a) Synthesis of the POSS-PEO crosslinked SPEs (EO/Li+ = 16) and (b) the ideal structures of 
the networks.[53] 
 
a 
b 
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Figure 2-17. Ionic conductivity vs. time for the POSS-PEG crosslinked SPE.[53] 
 
Similar to Pan’s work, Chinnam, et al. have reported a POSS-PEG crosslinked 
electrolyte system with LiClO4 as the salt blended with methyl cellulose (Figure 2-18).[54] 
Unlike the other plasticized system, the addition of methyl cellulose decreases the ionic 
conductivity of the network (Figure 2-19), but the mechanical strength increases.  
 
 
Figure 2-18. Schematic of crosslinked POSS-PEG/LiClO4/methyl cellulose blend.[54] 
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Figure 2-19. Ionic conductivity data for crosslinked POSS-PEG/LiClO4/methyl cellulose blend. Blue line 
is control.[54] 
 
 
2.4. Problem Statement 
Based on the lithium dendrite mechanism, the short circuit time (tsc) for the lithium 
metal-polymer systems is the sum of nucleation time (tn) of lithium dendrite and the lithium 
dendrite growth time (tg). Currently, two commonly used models are Chazalviel’s model 
which says at current density greater than the critical current density (J*), the tn is close to 
Sand’s time (τs) [36], and Newman’s model which predicts that when the modulus of 
polymer electrolyte is greater than twice of the shear modulus of lithium metal, the lithium 
dendrite growth will be suppressed (tg  ∞) [38]. However, Khurana, et al.’s work shows 
that at current densities lower than J*, additional features needed for Chalzalviel’s model, 
and high modulus not required to suppress lithium dendrite growth.[51]  
Inspired by the disagreements from the literature, the property-performance 
relationship of the crosslinked polymer electrolytes was studied to correlate the ionic 
conductivity and mechanical property with the performance of polymer electrolytes.  
27 
Chapter 3. Materials and Methods  
 
 
3.1. Materials  
Poly(ethylene glycol) bis(3-aminopropyl) terminated (PEG2k, Mn = 1500 g/mol on 
label, ~2,000 g/mol measured by NMR), poly(ethylene glycol) diamine (PEG6k, Mn = 
6,000, ~5100 g/mol measured by NMR), poly(ethylene glycol) dimethyl ether (PEG250, 
Mn = 250 g/mol on label, ~285 g/mol measured by NMR), octakis(3-glycidyloxypropyl-
dimethylsiloxy) octa silsesquioxane (polyhedral oligomeric silsesquioxanes, POSS), 
lithium bis(trifluoromethylsulfonyl)-imide (LiTFSI, 99.95% trace metals basis), and 
tetrahydrofuran (THF, anhydrous, ≥99.9%, inhibitor-free) were purchased from Sigma 
Aldrich. Lithium foil (0.75 mm thick x 19 mm wide, 99.9%, metals basis) was purchased 
from Alfa Aesar.  
LiTFSI and lithium foil were stored under argon gas in MBraun glove box. PEG250 
purchased had ~100 ppm BHT inhibitor which was removed by column chromatography 
with basic aluminum oxide before using. All other chemicals were used as received. 
Chemical structures of the ingredients are shown in Figure 3-1.  
 
 
3.2. Methods 
3.2.1. Synthesis of unplasticized crosslinked SPE films 
The crosslinked SPE systems with no plasticizer was adopted from Ref. [53]. Two 
systems with better performance were chosen, which are PEG2k crosslink SPE with 
PEG:POSS = 4:1 (POSS-4PEG2k) and PEG6k crosslink SPE with PEG:POSS = 2:1 
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(POSS-2PEG6k). LiTFSI was added with EO:Li+ ratio of 16:1. All components were 
mixed and dissolved in THF in sealed vials at 60˚C for 3 hours before casting film on glass 
slides. THF was evaporated at room temperature before putting in the vacuum oven. The 
samples were heated under vacuum to 90˚C for 12 h and then to 120˚C for 2 h for complete 
crosslinking reaction. After reaching room temperature, the samples were stored in 
MBraun glove box under argon gas. 
 
 
Figure 3-1. Chemical structures of the ingredients. 
 
3.2.2. Synthesis of plasticized crosslinked SPE films 
Samples with different PEG250 contents were prepared by adding PEG250 to the 
POSS-4PEG2k or POSS-2PEG6k systems during mixing. The EO:Li+ ratio was 
maintained at 16:1. Film casting procedure was the same with the one for the original 
crosslinked sample, but the reaction procedure was modified to minimize loss of PEG250 
during sample preparation. The samples were heated to 90˚C for 48 h and then to 120˚C 
POSS 
PEG2k or 6k 
PEG250 
LiTFSI 
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for 2 h. The reaction was under Ar instead of vacuum to minimize the loss of PEG250, 
although during the reaction, the gas was exchanged once to remove moisture. During 
cooling, vacuum was turned on when the temperature reached 45~50˚C for further moisture 
removal. After reaching room temperature, the samples were stored in MBraun glove box 
under argon gas. 
Including the original samples, samples with five different PEG250 contents were 
prepared for each system, with PEG250:PEG(2k or 6k) of 0:100, 10:100, 30:100, 50:100, 
70:100. For abbreviation, the samples for POSS-4PEG2k are denoted as 2k0, 2k10, 2k30, 
2k50, and 2k70, respectively, and 6k0, 6k10, 6k30, 6k50, 6k70 for POSS-2PEG6k samples. 
The PEG250 weight content in each sample is summarized in Table 3-1. 
 
Table 3-1. Theoretical PEG250 content by weight in the samples 
POSS-4PEG2k 
samples 
PEG250 
content 
POSS-2PEG6k 
samples 
PEG250 
content 
2k0 0.00% 6k0 0.00% 
2k10 7.45% 6k10 7.93% 
2k30 19.46% 6k30 20.53% 
2k50 28.71% 6k50 30.10% 
2k70 36.06% 6k70 37.62% 
 
3.2.3. Lithium symmetric coin cell assembly 
Lithium symmetric cells are commonly used to study the interfacial characteristics 
of the polymer electrolyte with lithium metal without the interference of counter-electrode 
reactions.[55] For the tests which require Li(s) | PEG-LiTFSI | Li(s) symmetric cells, 
standard 2032 type coin cells were assembled in a glove box under Ar (Figure 3-2). Circular 
lithium electrodes with 8 mm diameter were cut from lithium foil, and SPE samples of 
about 1 cm size were applied between two lithium foil electrodes. Springs used for the coin 
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cells have loads of 3 lbs. Coin cells were sealed using an MTI electric coin cell crimping 
machine. Sealed coin cells were taken out from the glove box for various tests. 
 
 
Figure 3-2. Schematic for lithium symmetric cell assembly.[53] 
 
 
3.3. Characterization Techniques 
3.3.1. Differential scanning calorimetry (DSC) 
DSC is a thermal analysis technique that measures the heat difference between 
sample and blank reference pans as a function of temperature under the same controlled 
temperature program. There are three main different types of DSC instruments: power-
compensated DSC which heats the sample and reference separately and measure the power 
needed to maintain the sample temperature equal to the temperature of the reference pan, 
heat-flux DSC which heats the sample and reference pans in the same heating unit and 
measure the difference in heat flow between the two pans, and modulated DSC which uses 
sinusoidal heating function to obtain reversing and non-reversing heat flow signals which 
can provide information on thermodynamic and kinetic processes at the same time.[56] 
DSC are useful for measuring the phase transition temperatures of the material. 
When the polymer sample melts or crystallizes during DSC scan, a peak shows up on the 
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thermogram. The onset of the peak is normally taken as the melting or crystallization 
temperature, yet the peak temperature is also valuable to give information on the 
distribution of the crystal sizes. The integration of the peak gives the enthalpy of fusion of 
the material.[56] In addition to the primary phase transition, DSC can also reveal the 
secondary phase transition information such as glass transition. Glass transition is the 
transition of a polymer from a glassy to a rubbery state when the heat capacity changes, 
and the transition takes place at glass transition temperature (Tg). Heat capacity change can 
be represented by the change in heat flow, thus can be readily measured by DSC as a step 
change on the curve.[56] The phase transition temperatures are affected by the heating rate 
of the DSC program.[57] 
Another application for DSC is to obtain the degree of crystallinity of the polymer 
material from the enthalpy of fusion from the DSC scan. For semi-crystalline polymers, 
the fractional crystallinity can be calculated as: 
 % 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =  
∆𝐻𝑓,𝑠𝑎𝑚𝑝𝑙𝑒
∆𝐻𝑓,𝑐𝑟𝑦𝑠𝑡𝑎𝑙
 
(3.1) 
with ΔHf, sample and ΔHf, crystal the enthalpies of fusion of the sample and fully crystalline 
materials, respectively.[56] For PEG, ΔHf, crystal is 203 ± 3.5 J/g.[58] 
A TA Instruments Q2000 DSC with Refrigerated Cooling System RCS90 and N2 
purge gas was used for this experiment, and samples of 3~4 mg were sealed in Tzero pans. 
Data were collected using TA Instrument Explorer software, and data analysis were 
performed in TA Universal Analysis software. The heating procedure used was first raising 
the temperature to 100°C, then cooling to -90°C at 10°C/min, and finally heating to 100°C 
at 10°C/min. From the second heating DSC curves, Tg and crystallinities of the samples 
were calculated. 
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3.3.2. Fourier-transform infrared spectroscopy (FTIR) 
FTIR spectroscopy is a vibrational spectroscopy which is a non-destructive, non-
invasive material characterization technique that give information about material 
composition and structure.[59] The technique measure the energy of transitions between 
vibrational levels based on the vibrations of the atoms in molecules, and the information 
can be used to determine the molecular and bond compositions of the materials.  
Infrared (IR) spectroscopy is an absorption spectroscopy that can be used to detect 
the functional groups. The interaction between the radiation of the same frequency and the 
molecules can promote the molecules to the excited state. It is common to compare the 
spectra with a known dataset/library to determine the composition of the material.[60, 61] 
The FTIR technique uses wavenumbers as the x-axis of the spectra. Wavenumber 
(ν, in cm-1) is defined as the reciprocal of wavelength (in cm) and can be used as a 
representation of energy (𝐸 = ℎ𝜈).[60]  The y-axis of the IR spectra uses transmittance or 
absorbance, which are both functions of concentration. Beer-Lambert Law, with a formula 
of 𝐴 = − log(𝑇) = 𝜀𝑙𝐶  (where A is absorbance, T is transmittance in %T, and C is 
concentration in mol/L), says that the concentration is proportional to the absorption of 
light by the material.[62] Beer-Lambert Law can be applied to IR spectroscopy and 
determine the concentration of the sample constituents based on the light absorption 
measurements.  
Two commonly used modes are transmission and attenuated total reflection (ATR). 
The transmission mode lets the IR wave pass through the sample and collect the spectra on 
the other side of the sample. On the other hand, in reflectance modes such as ATR, the 
(a) 
(b) 
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diamond used as the IR crystal absorbs most of the IR waves, and thus only little portion 
of the IR was used for sample analysis. In ATR mode, the beam of radiation reflected from 
the IR crystal at an angle above critical angle where total reflection occurs while having 
evanescent waves penetrating a small distance into the sample for IR measurements.[63] 
The positions of the peaks are not exactly identical in the two modes. Literature shows that 
the peak wavenumber for transmission mode is closer to the theoretical calculation, and 
the ATR correction does not correct the shift in this peak.[64] The ATR correction uses the 
formula: 
 𝐴𝐴𝑇𝑅𝑐𝑜𝑜𝑟 = 𝐴𝐴𝑇𝑅
𝑘
𝑘0
 
(3.2) 
where k is the wavenumber of the ATR spectrum and k0 is the wavenumber at which the 
absorbance transformed ATR and transmission spectra have the same value.[65] Since the 
correction is multiplying the absorbance by a ratio, only the absorbance/transmission (1-
absorbance) intensity will be corrected and not the location. Also, since the k0 is usually 
selected as 1000 cm-1 if not chosen by the user, therefore, the correction works better at 
lower wavenumbers than higher numbers since the value is closer to the lower 
wavenumbers of mid-IR.[65] However, ATR mode is more popular nowadays for its ease 
of operation with minimum sample preparation since it can measure FTIR spectra of bulk 
solid or liquid samples by simply placing the samples on the IR crystal.  
The FTIR spectrometer used for this experiment was a Perkin-Elmer, Inc. (Shelton, 
CT) Spectrum One Fourier-Transform Infrared Absorption Spectrometer with universal 
ATR (uATR) accessories. Software used for spectrum capture and processing was Perkin-
Elmer, Inc. Spectrum v. 10.03.09.5 The abscissa unit was set to wavenumbers (cm-1), and 
the ordinate unit was set to % transmittance. The IR spectral scans were performed from 
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4000 cm-1 to 650 cm-1 with a resolution of 4 cm-1 for accumulations of 32 scans. The ATR 
correction was applied to all spectra collected. 
 
3.3.3. Thermogravimetric analysis (TGA) 
TGA is a thermal analysis method which includes a very sensitive microbalance 
and a furnace.[66] By measuring the mass of the sample as a function of temperature during 
heating, the properties of the materials can be predicted.[67] For polymeric materials, TGA 
provides useful information on composition, thermostability and decomposition 
mechanism of the materials.[66, 68] The derivative of the thermograms (DTG) can provide 
more sensitive information that sometimes is not easily observable from the original 
thermograms.[66] TGA can also be used to measure the water content or oxidation 
behavior of inorganic materials.  
Perkin Elmer TGA7 with Pyris software was used for TGA data collection and 
analysis. The thermograms were collected from 50˚C to 600˚C with a heating rate of 
10˚C/min under N2 purge gas, and DTG curves were calculated in the Pyris software. 
 
3.3.4. Tensile testing 
Tensile testing is a method used to characterize the mechanical strength of material 
under tension. During tensile testing, the stress-strain relationship of the material is 
measured, and mechanical properties can be obtained from the curve (Figure 3-3). The 
slope for the initial part of the curve before yielding is the Young’s modulus, and the 
material with high Young’s modulus are more resistant to plastic deformation. Also, the 
curves can be used to determine whether the material is brittle or ductile, as brittle materials 
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do not experience necking and ductile materials experience necking which the stress-strain 
slope deviates from Young’s modulus. 
 
 
Figure 3-3. Tensile testing curve.[69] 
 
In this experiment, tensile tests were performed using Instron 3365 with 5 N load 
cell. POSS-4PEG2k samples were tested with a load speed of 2.4 mm/min, and POSS-
2PEG6k samples were tested with a load speed of 5 mm/min. Samples have dimensions of 
about 5 mm × 2 mm × 0.5 mm or 10 mm × 2 mm × 0.5 mm. At least three specimens were 
tested for each sample. Data collection and analysis were performed using Bluehill 
software by Instron.  
 
3.3.5. Electrochemical impedance spectroscopy (EIS) 
Electrochemical impedance spectroscopy measures the dielectric properties of the 
material as a function of frequency.[70] It shows the data in the Nyquist plot and the Bode 
diagrams which gives information on impedance and phase of the circuit with respect to 
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AC frequency. The EIS used for this project is a Princeton Applied Research Parstat 2273 
Potentiostat with PowerSuite software package. 
3.3.5.1 Ionic conductivity measurement 
Ionic conductivities are measured using PowerSine mode of the EIS. AC 
impedance spectra were collected from 0.1 Hz to 1 MHz at 20 mV. Temperature scan for 
conductivity testing was performed between 30~100˚C.Through-plane ionic conductivity 
was measured using two-probe configuration and was calculated by: 
 𝜎 =
1
𝜌
=
𝑙
𝐴𝑅
 
(3.3) 
with l as the thickness of the sample, A as the area, and R as the resistance of the electrolyte. 
R was obtained from the fitted semicircle in the Nyquist plot. For high conductivity samples, 
a semicircle might not be able to fit well in the frequency range, and R was then obtained 
by the intersection of the x-axis and the fitted linear section of the low frequency range on 
the Nyquist plot. 
Ionic conductivity is a diffusion property that changes with temperature, so it is 
typically plotted in the Arrhenius plot. However, empirically it has been shown that the 
behavior from ionic conductivity deviates from Arrhenius equation, and Vogel-Tamman-
Fulcher (VTF) equation is used to better describe the behavior.[71-73] By combining the 
original VTF equation and Stokes-Einstein equation, the VTF equation for ionic 
conductivity has the form: 
 σ = σ0 exp [−
𝐵
𝑇 − 𝑇0
] 
(3.4) 
In the equation, σ0, B, and T0 are VTF constants. σ0 has the unit of conductivity, B divided 
by gas constant has the unit of activation energy, and T0 has the unit of temperature and is 
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VTF temperature or equilibrium glass transition temperature of the material. In order to 
model the behavior of transport properties with some realistic physical properties such as 
relaxation process,[74] VTF equation can be modified and derived as:  
 σ = 𝐴𝑇−
1
2 exp [−
𝐸𝑎
𝑅(𝑇 − 𝑇0)
] 
(3.5) 
where A has unit of S/cm-K1/2 and is related to the number of charge carriers, Ea is the 
activation energy of the of the system with a unit of kJ, R is the ideal gas constant (8.314 
× 10-3 kJ/K-mol), and T0 as the equilibrium glass-transition temperature which is taken as 
50 K below Tg from the configurational entropy model.[75, 76] The modified equation can 
relate the fitting constants to physical meanings. 
 
3.3.5.2 Lithium transference number measurement 
Ion transference number is the proportion of current carried by a salt constituent, 
and ion transport number is the proportion of a charge species.[23] If the salt in electrolyte 
dissociates into only two species (one cation and one anion, such as Li+ and TFSI- in 
LiTFSI), then the transference number and transport number are equal. Ion transport 
number can be approximated using the Nernst-Einstein relationships, but it is not valid for 
systems where ion pairs exist. Experimentally, lithium transference numbers can be 
measured using potentiostatic polarization [77, 78], galvanostatic polarization [79, 80], 
electromotive force method [81, 82], and measurement of diffusion coefficients via NMR 
[83-85]. 
Potentiostatic polarization methods for lithium transference measurement is simple 
and fast [86], and for small polarization potentials (≤ 10 mV), lithium transference numbers 
can be measured as [77, 78]: 
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 𝑡𝐿𝑖+ =
𝐼𝑠𝑠(∆𝑉 − 𝐼0𝑅0)
𝐼0(∆𝑉 − 𝐼𝑠𝑠𝑅𝑠𝑠)
 
(3.6) 
where ΔV is the potential between the electrodes, I0 and Iss are the initial and steady-state 
currents, and R0 and Rss are the initial and steady-state resistances of the passivating layers 
at the Li electrode/electrolyte interface. 
In the experiments, coin-cells were assembled as lithium-lithium symmetric cell, 
and ΔV of 10 mV was applied. I0 and Iss were measured using the Chronoamperometry 
template under PowerStep modes of the EIS, and R0 and Rss were measured using 
PowerSine mode. All the lithium transference number measurements were performed at 
90˚C. 
 
3.3.5.3 Lithium symmetrical cell stability test 
By observing the change in the interfacial resistance of the lithium symmetric cell 
over time, stability information can be obtained. Electrochemical stabilities of the lithium 
symmetric cells were tested without galvanostatic polarization at 90˚C and room 
temperature, and with polarization at 90˚C. Coin cells were assembled for both tests. 
For the non-polarized samples, the ionic conductivities of the cells were measured 
on the initial day till 30 days. The stability tests during polarization are tested under 
galvanostatic polarization (Section 0) with current density of 0.1 mA/cm2. Ionic 
conductivities of the samples were measured before polarization and then during 
polarization after different time intervals until the coin cell short circuits.  
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3.3.5.4 Cyclic voltammetry (CV) 
A CV experiment applies potential that is ramped linearly versus time on the 
working electrode, and after the set potential is reached, the applied potential on working 
electrode is ramped in the opposite direction to return to the initial potential to complete 
the cycle.[87, 88] CV can be used to measure the electrochemical stability window (ESW) 
of the electrolyte material. CV is a potentiodynamic experiment, but most EIS instruments 
are capable of performing CV experiments.  
CV measurements were performed at 90˚C in coin cells with lithium foil as 
reference electrode. The anodic oxidation limit was measured in the range from 2 V to 4.5 
V with stainless steel coin cell spacer as working electrode. The cathodic reduction limit 
was measured in the range from 2.2 V to -0.8 or -1 V with copper foil as working electrode. 
The scan rates in both scans were 5 mV/s. PowerCV module of the EIS was used to perform 
the experiment. 
 
3.3.6. Battery tester 
Battery tester was used for galvanostatic polarization and cycling experiments. 
Arbin battery tester was used, and all the experiments use lithium symmetric coin cells 
prepared as described in Section 3.2.3. 
 
3.3.6.1 Galvanostatic polarization 
Galvanostatic polarization is an experiment that measures the lithium dendrite 
growth resistance of the electrolyte by applying a constant current through lithium 
symmetric cell until lithium dendrites penetrate the electrolyte and the cell short-circuits. 
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The longer the short-circuit time is, the better lithium dendrite resistance the electrolyte 
material has. The short-circuit time can be modeled by Chazalviel’s model [36, 37], which 
breaks the lithium dendrite growth mechanism into two parts. The first part is Sand’s Time, 
which is the nucleation time for lithium, and it can be formulated as: 
 𝜏𝑠 = 𝜋𝐷 (
𝐶0𝑒
2𝐽𝑡𝑎
)
2
 
(3.7) 
where D is the diffusion coefficient, C0 is the ion concentration, e is the elementary electric 
charge constant which is about 1.6 × 10-19 C, J is the current density applied, and ta is the 
anion transference number. 
A second part is the growth time, which is the time it takes for the lithium dendrites 
to grow and penetrate the electrolyte. It can be formulated as: 
 𝑡𝑔 =
𝜎𝐿
𝜇𝑎𝐽
 
(3.8) 
where σ is ionic conductivity, L is the distance between the two electrodes, and μa is the 
anion mobility. 
By combining Sand’s time and dendrite growth time, the Chazalviel’s model 
predicts the short-circuit time for galvanostatic polarization experiments: 
 𝑡𝑠𝑐 = 𝜏𝑠 + 𝑡𝑔 (3.9) 
 
Theoretical Sand’s time has shown to be similar to start time of lithium dendrite 
growth when J > J* (discussed in Section 2.2.2), but at J < J*, it was shown that it takes 
much less time than Sand’s time to start dendrite growth.[89] The model is not accurate at 
low current densities (when J < J*). When current densities are low, the growth time 
determines the short-circuit time as soon as lithium dendrites start to grow. 
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Galvanostatic polarization experiments were performed at 90˚C. Current densities 
used were 0.1 mA/cm2, 0.2 mA/cm2, and 0.3 mA/cm2.  
 
3.3.6.2 Lithium symmetrical cell cycling 
Galvanostatic cycling experiments can be used to measure the total amount of 
charges pass through the cell before it short-circuits. Despite lithium dendrites can be 
dissolved during the charge-discharge cycles, there may be residues of the dendrites which 
can propagate after each cycle and eventually short-circuits the cell. 
Lithium symmetrical cell galvanostatic cycling experiments were performed at 
90˚C under a current density of 0.5 mA/cm2. All cells were equilibrated at the temperature 
and experienced a charge-discharge cycle under a current density of 0.05 mA/cm2 prior to 
the experiments. 
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Chapter 4. Composition Characterization and Thermal Analysis 
 
 
4.1. Characterization of Reagents 
Proton (1H) NMR was used to measure/confirm the molecular weights of the PEG 
samples by calculating the ratio of the characteristic peaks of the end groups over the EO 
peaks. The molecular weight of PEG250 was calculated by taking the ratio of the integral 
of peaks from methyl end group (peak “a” in Figure 4-1) versus EO backbone (peaks “b” 
+ “c” in Figure 4-1), and the result shows a molecular weight of around 280 g/mol. PEG2k 
and 6k have molecular weights calculated from the peak ratios of the alkyl group connected 
to amine end group (peaks “a” in Figure 4-2 and Figure 4-3) versus the EO groups on the 
backbone (peak “d” Figure 4-2 and peak “c” in Figure 4-3), and they were calculated to 
have molecular weights of around 1950 and 5100 g/mol, respectively. 
 
 
Figure 4-1. 1H NMR spectrum of PEG250 sample. Bond “c” indicates the CH2 attached to the methoxy 
group at the chain end. 
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Figure 4-2. 1H NMR spectrum of PEG2k sample. 
 
 
Figure 4-3. 1H NMR spectrum of PEG6k sample. 
 
PEG250 received included 100 ppm of BHT inhibitor, and the sample was purified 
under column chromatography with basic aluminum oxide to remove the BHT inhibitor. 
Ultraviolet-visible adsorption spectroscopy (UV/Vis) was performed to confirm the 
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removal of the inhibitor (Figure 4-4). 1000 ppm of BHT shows about 1.42 at 280 nm. 
According to Lambert-Beer Law, absorbance is linearly dependent on the concentration of 
the material, thus, 100 ppm of BHT is expected to have absorbance of 0.14 at 280 nm. At 
the same wavelength, the absorbance of PEG250 after column chromatography decreased 
by about 0.4 comparing to the original sample, and the value is greater than 0.14, which 
indicates that all or great majority part of the BHT inhibitor in the sample was successfully 
removed. The PEG250 sample with BHT inhibitor removed was used for the rest of the 
experiment. 
 
 
 
Figure 4-4. UV/Vis absorption spectroscopy analysis on BHT inhibitor in PEG250 sample. 
 
FTIR spectra of all the reagents are shown in Figure 4-5. From the spectra, it is seen 
that PEG2k and PEG6k have similar characteristic peaks. PEG250 also shows very similar 
peaks from PEG with amine groups, but the peak intensities are different. POSS spectra 
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shows a peak at 910 cm-1 which is the characteristic for the epoxy end groups which can 
react with amine group in PEG. As LiTFSI does not have hydrocarbon groups, therefore 
its IR spectrum is very different from the other chemicals. 
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Figure 4-5. FTIR spectra of the reagent materials. 
 
4.2. Crosslinking Characterization 
The FTIR spectra (Figure 4-6) shows that different amount of PEG250 small 
molecules does not affect the chemical structure of the crosslinked network. The IR bands 
were assigned to bonds in each component of the SPE samples (Table 4-1). Band at 910 
cm-1 is a characteristic band of the epoxy group, and the absence of the band shows that 
the epoxy group from POSS was fully reacted. 
910 cm-1 
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Figure 4-6. FTIR spectra of (a) POSS-4PEG2k and (c) POSS-2PEG6k. (b) and (d) are zoomed-in view 
from 650 cm-1 to 1400 cm-1. 
 
DSC data has shown suppression of the PEG melting peaks after sample 
preparation (Figure 4-7), which shows that crosslinking decreases crystallizability of the 
polymer. POSS-4PEG2k samples lose melting peaks totally (Figure 4-8 and Table 4-2), 
and therefore, it only has amorphous phase.  
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Table 4-1. FTIR spectra band assignments. 
Peak (cm-1) Bond Molecule/Functional Group 
950 C-H PEG 
1100 
C-O PEG 
Si-O POSS 
1228 C-F TFSI- 
1335 S=O TFSI- 
1352 C-H PEG 
2872 C-H PEG 
2913 C-H PEG 
3200-3600 
(broad) 
N-H Amine (PEG end group) 
O-H Opened epoxy group from POSS 
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Figure 4-7. DSC second heating curves of non-crosslinked (PEG2k and PEG6k, as received) and 
crosslinked PEG (2k0 and 6k0) samples. 
 
POSS-2PEG6k samples have lower melting temperatures (Tm) and enthalpies (ΔH) 
as more PEG250 was added (Figure 4-8b and Table 4-3). However, the degrees of 
crystallinity should be normalized by weight fraction of PEG6k in the samples as PEG6k 
is the only species which crystallizes at such temperature, and the normalized degrees of 
crystallinity in the samples do not vary much. This indicates that adding PEG250 
plasticizer does not significantly affect the crystallizability of the PEG6k, but it does 
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increase the total fraction of amorphous phase in the sample as PEG250 is amorphous. For 
6k50 and 6k70 samples, the DSC curves shows that the samples are all melt at room 
temperature (25˚C), and significant amounts of melting have taken place at or below room 
temperature for the 6k0, 6k10, and 6k30 samples. Therefore, the POSS-2PEG6k samples 
may also be considered as amorphous at room temperature. 
For both series of samples, increasing the amount of PEG250 added lowers the 
glass transition temperature (Tg) (Figure 4-9). The changes in heat capacities (Δcp) during 
glass transition do not vary much with different amount of PEG250 in each series, but the 
change is significantly higher than pure PEO samples. 
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Figure 4-8. DSC second heating curves of (a) POSS-4PEG2k and (b) POSS-2PEG6k samples. 
 
Table 4-2. Thermal properties of POSS-4PEG2k samples measured by DSC. 
 Tg (˚C) 
Δcp 
(J/g-˚C) 
Tm, onset 
(˚C) 
Tm, peak 
(˚C) 
ΔH 
(J/g) 
%X 
PEG2k -30.84 0.020 44.26 48.87 159.70 78.7% 
2k0 -44.39 0.606 -- -- -- 0 
2k10 -48.71 0.618 -- -- -- 0 
2k30 -53.22 0.629 -- -- -- 0 
2k50 -54.92 0.605 -- -- -- 0 
2k70 -54.98 0.603 -- -- -- 0 
b a 
Tg Tg 
Tm 
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Table 4-3. Thermal properties of POSS-2PEG6k samples measured by DSC. 
 Tg (˚C) 
Δcp 
(J/g-˚C) 
Tm, onset 
(˚C) 
Tm, peak 
(˚C) 
ΔH 
(J/g) 
%X (normalized by 
wt% of PEG6k) 
PEG6k -33.68 0.206 48.94 57.50 172.80 85.1% 
6k0 -46.95 0.404 14.37 29.41 27.81 22.6% 
6k10 -48.61 0.414 10.20 26.76 29.61 25.0% 
6k30 -48.93 0.570 7.53 27.47 26.26 25.7% 
6k50 -57.51 0.559 7.29 20.07 19.30 21.6% 
6k70 -59.19 0.534 7.86 19.94 17.70 22.2% 
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Figure 4-9. Phase transition temperatures vs. PEG250 content. 
 
Based on the FTIR and DSC results, it can be concluded that the crosslinking 
reaction took place as described in Figure 2-16, and the structure of the samples are 
expected to be similar to Figure 4-10 and Figure 4-11. 
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Figure 4-10. 2k0 amorphous cell model. 
 
 
Figure 4-11. 2k70 amorphous cell model. 
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4.3. Thermal Stability 
PEG250 has the evaporation temperature of around 100˚C, and the sample was 
almost completely gone (< 0.36 wt%, weight loss rate < 1 μg/˚C) after 250˚C (Figure 4-12). 
However, the addition of LiTFSI (EO:Li+ = 16:1) in the sample increases the evaporation 
temperature to around 120˚C (Figure 4-12), and the percent weight loss at 250˚C is much 
lower than the PEG250 weight fraction in the sample. The increase in evaporation 
temperature may be due to that the addition of ionic salt increases secondary bonding 
interactions between the solvent molecules and thus raises the boiling point of the solvent. 
Regarding the decrease in weight loss before 250˚C in the PEG250 sample with LiTFSI, 
the weight fraction of PEG250 is about 74%, and TGA shows about 48% weight loss at 
250˚C, therefore, only 48%/74% = 64.9% of the PEG250 evaporates between 120˚C and 
250˚C with presence of LiTFSI. LiTFSI adds three peaks to the DTA curve (Figure 4-12b). 
The DTA peaks from 400˚C to 450˚C match with the peaks from the pure LiTFSI sample 
(Figure 4-13).  
 
Figure 4-12. (a) TGA and (b) DTA thermograms of PEG250 with (EO:Li+ = 16:1) and without LiTFSI. 
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Figure 4-13. TGA and DTA thermograms of LiTFSI. 
 
LiTFSI starts to decompose at around 360˚C which is very close to the degradation 
temperature reported in the literature.[90] The peak at around 350˚C is not a characteristic 
of LiTFSI,[91] but the temperature is very close to the typical degradation temperature of 
PEG. Therefore, the DTA peak at around 350˚C may be due to the degradation of PEG250 
left from the initial PEG evaporation. The immobilization of PEG250 may be due to the 
ionic force between salt ions which are dissociated in the EO chains and therefore prevent 
PEG250 from evaporation until the degradation temperature is reached.  
The LiTFSI content is 26% in the sample, and the amount of PEG250 left after 
250˚C is 74%-48% = 26%. Thus, the molar ratio of PEG250:LiTFSI is about 1:1, which 
means the EO:Li+ ratio is about 5.3:1 (degree of polymerization of PEG250). The number 
is lower than the expected crystalline coordination number of 6 for Li+ by EO in liquid 
PEO-LiTFSI complex,[92] and this indicates that when the number of EO units in liquid 
PEG is less than the coordination number, each chain is creating a PEG-LiTFSI complex 
53 
independently with the EO units it has rather than joining with other chain(s) to form PEG-
LiTFSI complex(es) with the theoretical coordination of Li+ by EO. 
Crosslinked SPE samples also shown the evaporation of PEG250 at around 120˚C, 
and the increasing of the DTA peaks at 350˚C and 400˚C further indicates that PEG 
degrades in this temperature range (Figure 4-14 and Figure 4-15). The weight loss between 
the temperatures where the first peak on DTG is located (around 100˚C and 250˚C) may 
be used as the weight fraction of the PEG250 in the sample since that is the temperatures 
when PEG250 is evaporating, however, the values calculated from TGA are much lower 
than the amount of PEG250 added to the samples in the experiment (Table 4-4). 
Nevertheless, those values are very close to the weighed PEG250 mass multiply by 64.9%, 
which is weight percent of the evaporation of PEG250 calculated from the DTA data of 
PEG250-LiTFSI mixture (Table 4-4). Thus, it can be concluded that the evaporation of 
PEG250 during sample preparation, i.e. when the samples were heated to 120˚C, is 
negligible. 
 
Figure 4-14. (a) TGA and (b) DTA thermograms of POSS-4PEG2k samples 
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Figure 4-15. (a) TGA and (b) DTA thermograms of POSS-2PEG6k samples 
 
Table 4-4. PEG250 weight percent calculation from TGA. 
Sample 
weight 
loss @ 
100~250 
PEG250 
wt% from 
sample 
prep 
PEG250 
wt% × 
64.9% 
Sample 
weight 
loss @ 
100~250 
PEG250 
wt% from 
sample 
prep 
PEG250 
wt% × 
64.9% 
2k10 5.25% 5.59% 3.63% 6k10 4.95% 5.85% 3.80% 
2k30 9.85% 14.48% 9.40% 6k30 9.49% 15.26% 9.90% 
2k50 13.86% 21.25% 13.79% 6k50 15.37% 22.49% 14.60% 
2k70 18.63% 27.00% 17.52% 6k70 18.37% 27.41% 17.79% 
 
 
4.4. Mechanical Properties 
Tensile testing curves are shown in Figure 4-16 for POSS-4PEG2k samples and 
Figure 4-17 for POSS-2PEG6k samples. POSS-4PEG2k samples show brittle behavior, 
and they have less than 60% strain before failure. Tensile curves for POSS-2PEG6k 
samples show mostly rubbery behavior, and the samples can strain up to several times their 
original lengths before failure. All sample showed minimal plastic deformation and 
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recovered to their original lengths very fast after failure with no obvious viscoelastic 
behavior.  
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Figure 4-16. Tensile curves for POSS-4PEG2k samples at room temperature. 
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Figure 4-17. Tensile curves for POSS-2PEG6k samples at room temperature. 
 
In general, with the increase in plasticizer load, Young’s modulus decreases (Figure 
4-18). The 6k10 sample shows an exception, which shows higher modulus than both 6k0 
and 6k30 samples. As shown in the DSC results (Table 4-3), 6k0, 6k10, and 6k30 samples 
have peak melting temperature above room temperature which means that there may be 
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crystallinity in the samples at room temperature. 6k10 samples have slightly higher 
crystallinity than 6k0 sample measured from non-isothermal DSC, so the higher modulus 
may be due to higher crystallinity at room temperature. X-ray diffraction experiments are 
needed to determine the room temperature crystallinity of the POSS-2PEG6k samples. 
POSS-4PEG2k samples are totally amorphous with Tg below room temperature (Table 4-2), 
and Pan, et al. [53] showed that modulus for amorphous crosslinked POSS-PEG systems 
do not change with temperature above Tg, so the room temperature modulus for POSS-
4PEG2k can be used to represent the modulus for high temperatures. 
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Figure 4-18. Young's modulus vs. PEG contents for crosslinked polymer electrolytes. 
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Chapter 5. Electrochemical Properties of Crosslinked Hybrid Electrolytes 
 
 
5.1. Ionic Conductivity 
The ionic conductivities of the samples are plotted in the Arrhenius plots in Figure 
5-1. The room temperature conductivities of unplasticized crosslinked SPEs are around 
3~4×10-4 S/cm, and 1.5×10-3 S/cm for PEG250 plasticizer.  
Samples with nk30 and higher load of plasticizer (> ~20%) have conductivities of 
about or above 10-3 S/cm at room temperature, and 2k70 sample has the highest of about 
3×10-3 S/cm. At 90˚C, all of the samples have ionic conductivities of about or above 10-3 
S/cm. The ionic conductivities of plasticized crosslinked POSS-PEG samples are higher 
than the conductivities reported in Khurana, et al.’s work [51] with comparable plasticizer 
loading.  
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Figure 5-1. Ionic conductivities of (a) POSS-4PEG2k and (b) POSS-2PEG6k samples. 
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Based on the conductivity results, VTF fitting was performed to extrapolate the 
data using Equation (3.4). The fitting constants are shown in Table 5-1. The fitting shows 
good agreement with the conductivity results (Figure 5-2). From the data, rather than below 
Tg (Table 4-2 and Table 4-3), the T0 values are very close to the glass transition temperature. 
There are no general trends for A and B constants.  
Table 5-1. VTF fitting constants for the electrolytes. 
 σ0 (S/cm) B (K) T0 (K) 
PEG250 7.13E-02 643.9 137.7 
2k0 5.01E-02 540.4 229.7 
2k10 5.17E-02 480.9 231.1 
2k30 6.79E-02 480.0 231.5 
2k50 4.18E-02 392.7 232.1 
2k70 4.98E-02 425.0 221.9 
6k0 4.59E-02 480.5 230.2 
6k10 7.44E-02 500.2 228.9 
6k30 2.04E-01 660.8 212.0 
6k50 6.55E-02 414.3 227.9 
6k70 9.43E-02 467.0 222.7 
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Figure 5-2. Conductivity data fitted with original VTF equation. 
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Using the modified VTF equation (Equation (3.5)) with T0 defined as a temperature 
50 K below Tg, the VTF constants were obtained as shown in Table 5-2. Despite the fittings 
converged and has high coefficients of determination, the results show significant deviation 
from the experimental data at low temperatures (Figure 5-3). 
 
Table 5-2. VTF constants by fitting modified VTF equation with T0 = Tg – 50 K. 
 A (S-K1/2/cm) Ea (kJ/mol) T0 (K) Tg (K) 
2k0 7.79 9.44 178.8 228.8 
2k10 8.71 9.15 174.4 224.4 
2k30 13.69 9.67 169.9 219.9 
2k50 6.80 8.35 168.2 218.2 
2k70 5.35 7.70 168.1 218.1 
6k0 6.83 8.83 176.2 226.2 
6k10 11.66 9.17 174.5 224.5 
6k30 18.26 9.31 174.2 224.2 
6k50 9.85 8.43 165.6 215.6 
6k70 13.36 8.84 164.0 214.0 
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Figure 5-3. Conductivity data fitted with modified VTF equation with T0 50 K lower than Tg. 
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Table 5-3. VTF constants by fitting modified VTF equation. 
 A (S-K1/2/cm) Ea (kJ/mol) T0 (K) 
PEG250 2.19 6.59 125.4 
2k0 1.27 4.93 226.4 
2k10 1.30 4.42 227.6 
2k30 1.71 4.41 228.1 
2k50 1.04 3.66 228.3 
2k70 1.28 4.01 217.2 
6k0 1.16 4.42 226.7 
6k10 1.89 4.60 225.3 
6k30 5.39 6.06 208.1 
6k50 1.65 3.87 223.9 
6k70 2.40 4.34 218.7 
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Figure 5-4. Conductivity data fitted with modified VTF equation without constraints on T0. 
 
The data were also fitted using the modified VTF equation to fit the data without 
the constraints of T0. Such fitting shows good agreement with the conductivity data (Figure 
5-4), and the T0 values calculated (Table 5-3) are similar to the ones calculated from the 
original VTF equation (Table 5-1), which are close to the Tg values. From the fitting, it can 
be concluded that the addition of PEG250 does not significantly change the activation 
energy of the crosslinked PEG network. 
a b 
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With the addition of PEG250, the ionic conductivities of the crosslinked SPEs 
increase and the slopes of the Arrhenius plots changes from closer to unplasticized SPE to 
closer to liquid PEG250 electrolyte. Figure 5-5 shows the plasticizer effect on ionic 
conductivity. At around 60˚C, the ionic conductivities of the samples increase linearly with 
PEG250 content; however, the plasticizer effect on ionic conductivity deviates from the 
linear relationship above and below such temperature. At temperatures above 60˚C, the 
curve bends downwards, while at temperatures below 60˚C, the curves bend upwards. This 
may indicate that ionic liquid plasticizer have different ion mobility from the crosslinked 
network. The ion mobility may have different temperature dependence and therefore the 
diffusion coefficients of the two phases are different.  
 
 
Figure 5-5. Conductivity vs. PEG250 content at different temperatures for (a) POSS-4PEG2k and (b) 
POSS-2PEG6k samples. 
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5.2. Lithium Transference Number 
Lithium transference numbers were measured using potentiostatic polarization 
method. One example of the polarization curves is shown in Figure 5-6 and its impedance 
spectra are shown in Figure 5-7. The parameters labeled in the figures are applied to 
Equation (3.5) to obtain the transference numbers. 
 
 
Figure 5-6. Current profile of 6k70 sample during lithium transference number measurements under 10 mV 
voltage for (a) the first 60 seconds and (b) 5000 seconds. 
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Figure 5-7. Interface resistance measurements for 6k70 sample before and after polarization. 
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The lithium transference of all samples are recorded in Table 2-1. The values are 
between 0.16 and 0.24, which is within the normal range of PEG-based electrolytes. With 
the addition of PEG250, the transference numbers of the electrolytes first decreases and 
then increases (Figure 5-8).  
 
Table 5-4. Lithium transference number of the samples. 
Sample tLi
+ Sample tLi
+ 
2k0 0.18 6k0 0.24 
2k10 0.16 6k10 0.17 
2k30 0.17 6k30 0.20 
2k50 0.17 6k50 0.24 
2k70 0.21 6k70 0.24 
 
0 5 10 15 20 25 30
0.16
0.18
0.20
0.22
0.24
 
 
 POSS-4PEG2k
 POSS-2PEG6k
L
it
h
iu
m
 T
ra
n
s
fe
re
n
c
e
 N
u
m
b
e
r
%PEG250  
Figure 5-8. Lithium transference number vs. PEG250 content in the samples. 
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5.3. Polymer Electrolyte Stability 
In order to test the stability of the SPEs and the SEI layers of the lithium symmetric 
cells, stability tests were performed for 2k30, 2k70, and 6k70 samples. Impedance spectra 
at room temperatures after various amount of time for each sample are shown in Figure 
5-9, Figure 5-10, and Figure 5-11, respectively, and the bulk and interface resistances over 
time are plotted in Figure 5-12. It is shown that the interface resistances moderately 
increase at first, and after about 12 days, although there were still some fluctuations 
possibly from the fluctuation in room temperature on different days, the overall increasing 
trend was not observed. 
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Figure 5-9. Impedance spectra of 2k30 over time at room temperature. 
 
65 
500 1000 1500 2000
0
250
500
750
1000
1250
 
 
-Z
im
 (

)
Zre ()
 day 1
 day 3
 day 7
 day 10
 day 14
 day 18
 day 23
 day 30
 
Figure 5-10. Impedance spectra of 2k70 over time at room temperature. 
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Figure 5-11. Impedance spectra of 6k70 over time at room temperature. 
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Figure 5-12. Resistance of the lithium symmetric cell over time at room temperature. 
 
Impedance spectra at different time at 90˚C for the samples are shown in Figure 
5-13, Figure 5-14, and Figure 5-15.  Figure 5-16 shows the bulk and interface resistances 
over time are plotted. Similar to the room temperature results, the interface resistances 
increase at first and start to stabilize over time. It takes about 16 days for the interface 
resistances to reach plateau, which is longer time than room temperature behavior.  
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Figure 5-13. Impedance spectra of 2k30 over time at 90˚C. 
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Figure 5-14. Impedance spectra of 2k70 over time at 90˚C. 
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Figure 5-15. Impedance spectra of 6k70 over time at 90˚C. 
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Figure 5-16. Resistance of the lithium symmetric cell over time at 90˚C. 
 
From the results, it is also observed that after about two days, the 2k70 (Figure 5-14) 
and 6k70 (Figure 5-15) samples start to have an extra semicircle after semicircle for 
interface resistance in the impedance spectra. An additional resistance can form due to the 
additional SEI layer created by PEG250 in the electrolyte, and it shows up on the 
impedance spectra between the frequencies for interface resistance and ionic transport 
regions. The plasticizer in the crosslinked network may be the “impurity” that contributes 
to the extra resistance. It is possible that after the passivation layer between crosslinked 
PEG network and lithium metal, an additional passivation layer forms with PEG250. 
Although 2k0 [53] and 2k30 samples also have slight deviation from ideal situation which 
interface resistance semicircle and Warburg arc are connected directly, no distinguishable 
additional semicircle was observed. Therefore, the additional semicircle may be observed 
only in samples with high concentrations of PEG250 plasticizer (36~38% for 2k70 and 
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6k70) where the amount of PEG250 on the surface is significant after electrode-contact 
surface of the electrolyte is consumed to form the original passivation layer and was not 
able to be absorbed easily by either the PEG network or the passivation layer. The 
additional semicircle in the impedance spectra for 2k70 blends in the Warburg arc and 
becomes less distinguishable after about 23 days. This indicates that the passivation layers 
formed by network and by PEG250 were merged together to become a single passivation 
layer.  
Electrochemical stability of the polymer electrolytes was measured by CV. The CV 
curves for 2k0, 2k30, and 2k70 samples are shown in Figure 5-17, Figure 5-18, and Figure 
5-19, respectively. The anodic scans show that the plasticized crosslinked electrolytes are 
stable up to at least 4.0 V vs. Li/Li+, which is matches with typical electrochemical stability 
for LiTFSI-based PEG electrolytes and is stable for lithium metal battery application with 
many possible cathode choices. The current increase at above 4 V indicates the degradation 
of LiTFSI in the system. In the cathodic scan, reversible lithium plating and stripping 
behaviors are seen. The lower current during cathodic CV cycles is due to passivation layer 
formation during the experiment which increases the interface resistance of the system. 
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Figure 5-17. CV plot for 2k0 at 90˚C.[53] 
 
-1 0 1 2 3 4 5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
 
 
C
u
rr
e
n
t 
(m
A
)
Potential vs. Li/Li+ (V)
 Cathodic 1st
 Cathodic 2nd
 Cathodic 3rd
 Anodic
 
Figure 5-18. CV plot for 2k30 at 90˚C. 
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Figure 5-19. CV plot for 2k70 at 90˚C. 
 
 
5.4. Galvanostatic Polarization 
Crosslinked PEG electrolytes films with thickness of about 230 μm were used for 
galvanostatic polarization experiments. One galvanostatic polarization curve of each 
POSS-4PEG2k sample shown in Figure 5-20, Figure 5-21, and Figure 5-22 for current 
densities of 0.3 mA/cm2, 0.2 mA/cm2, 0.1 mA/cm2, respectively, and the galvanostatic 
polarization curves for POSS-2PEG6k samples under current density of 0.3 mA/cm2 are 
shown in Figure 5-23. The curves show that the more plasticized samples have less voltage 
under the same current density due to their higher conductivity, and it takes less time for 
them to experience short-circuits (Figure 5-24). Scanning electron microscopy image 
(Figure 5-25) shows lithium dendrite on the electrode after the experiment which indicates 
that the short-circuit is caused by lithium dendrite penetration of the electrolyte. The short-
circuit time results exhibit opposite trend from the Chazalviel model which shows that 
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increasing conductivity should have longer lithium dendrite growth time. The Chazalviel 
model is not suitable for samples with current density below the critical current density J* 
which was calculated to be at least 2.87 mA/cm2 for all samples. From the polarization 
curves, it is observed that the samples do not experience Sand’s time before short-circuits. 
However, the opposite trend also indicates that the model is not suitable for plasticized 
electrolyte which increase ionic conductivity by sacrificing mechanical property of the 
electrode separator. The growth time of lithium dendrites until the cells short-circuit was 
calculated to be about 5~6 hours, but more data and other experiments are needed to 
determine the mechanism nucleation and formation of the lithium dendrite and the time it 
takes. 
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Figure 5-20. Polarization of POSS-4PEG2k samples with current density of 0.3 mA/cm2. 
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Figure 5-21. Polarization of POSS-4PEG2k samples with current density of 0.2 mA/cm2. 
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Figure 5-22. Polarization of POSS-4PEG2k samples with current density of 0.1 mA/cm2. 
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Figure 5-23. Polarization of POSS-2PEG6k samples with current density of 0.3 mA/cm2. 
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Figure 5-24. Short circuit time vs. PEG250 content for POSS-4PEG2k samples at various current densities. 
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Figure 5-25. SEM image of 2k70 sample after short circuit in a polarization experiment under J = 0.5 mA/cm2. 
 
Besides correlation with ionic conductivity, the inverse trend between short-circuit 
time and PEG250 content also imply the correlation between short-circuit time and 
mechanical property. By plotting tsc with Young’s modulus (Figure 5-26), it is observed 
that samples have higher modulus take longer time to short circuit.  
When the reciprocal of tsc is plotted with Young’s modulus (Figure 5-27), it is 
observed that the two parameters show linear relationship with log(modulus). By 
extrapolation of the data points, 1/tsc can go to 0, which means tsc goes to infinity, when 
modulus is 3~5 MPa. This value is over three orders of magnitude lower than the prediction 
of twice of the shear modulus of lithium which is about 4.2 GPa. [38] 
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Figure 5-26. Short circuit time vs. Young's modulus for POSS-4PEG2k samples. 
 
1 2 3 4 5
0.00
0.01
0.02
0.03
0.04
0.05
0.06
 
 
 0.1 mA/cm2
 0.2 mA/cm2
 0.3 mA/cm2
1
/t
s
c
 (
h
-1
)
Young's Modulus (MPa)  
Figure 5-27. Reciprocal of short circuit time vs. Young's modulus for POSS-4PEG2k samples. 
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When plotting the polarization curves for the same sample under different current 
densities (Figure 5-28 and Figure 5-29), it is observed that increasing current density 
increases the voltage the cell experiences. All samples show decreases in short-circuit time 
when current density increases, and the trends deviate from log-log linear relationship 
differently (Figure 5-30).  
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Figure 5-28. Polarization profile for 2k10 sample at different current densities. 
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Figure 5-29. Polarization profile for 2k70 sample at different current densities. 
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Figure 5-30. Short circuit time vs. current densities for POSS-4PEG2k samples. 
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In order to further investigate the formation of the extra semicircle in the lithium 
symmetric cell over time, impedance spectra of the cells with 2k0 (Figure 5-31), 2k30 
(Figure 5-32), and 2k70 (Figure 5-33) were obtained during galvanic polarization (the 2k70 
cell short-circuited before day 5 spectrum was going to be taken, and the 2k30 cell short-
circuited shortly after 7 days). 2k0 and 2k30 cells did not show a distinguishable extra 
semicircle during the experiment. The extra semicircles in 2k70 spectra started to be seen 
after 3 hours of polarization (Figure 5-33 inset) and continues to grow over time. Therefore, 
by applying a potential/current through the lithium symmetric cell, the growth of the extra 
semicircle in impedance spectra is accelerated. The PEG250 chains that are bounded with 
Li+ can move to the lithium surface faster when a potential is applied, and the extra 
interface forms faster than without polarization. Other experiments are needed to analyze 
the mechanism of the formation of the extra passivation layer in details. 
 
40 60 80 100 120
0
20
40
 
 
-Z
im
 (

)
Zre ()
 Initial
 1 hour
 3 hours
 5 hours
 1 day
 3 day
 5 day
 7 day
 
Figure 5-31. Impedance spectra of 2k0 sample over time during polarization at 90˚C under J = 0.1 mA/cm2. 
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Figure 5-32. Impedance spectra of 2k30 sample over time during polarization at 90˚C under J = 0.1 
mA/cm2. 
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Figure 5-33. Impedance spectra of 2k70 sample over time during polarization at 90˚C under J = 0.1 
mA/cm2. 
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Figure 5-34. Polarization stability test curves. Green arrows indicate the testing time, and red arrows 
indicate the short circuit time of the cells. Note that the thickness of 2k0 sample was 150 μm while the 
thicknesses of 2k30 and 2k70 samples were 230 μm. 
 
The interface resistance change over time during polarization is shown in Figure 
5-35. The rate of change in interface resistance decreases with increase amount of 
plasticizer load. For 2k0 and 2k30 samples, after reached the highest point at around 650% 
of the initial value, the interface resistances decreased slightly and stabilized. 2k70 sample 
short-circuited before its interface resistance reaching 650%, but it is would be expected 
that it can exhibit similar behavior if it can last long enough without experiencing short-
circuits. 
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Figure 5-35. Interface resistance change of the lithium symmetric cell during polarization over time at 90˚C 
under J = 0.1 mA/cm2. 
 
 
5.5. Lithium Symmetric Cell Cycling 
Figure 5-36, Figure 5-37, Figure 5-38, and Figure 5-39 show one cycling curve for 
each of the plasticized POSS-4PEG2k samples. From the curves, it is shown that the more 
plasticized samples have less voltage during cycling for their higher conductivity. Also, 
the higher plasticizer load samples have lower amount of charge passed at short-circuit 
time (Cd) of the cell (Figure 5-40). 
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Figure 5-36. Galvanostatic cycling curve of the cell with 2k10 sample as separators at J = 0.5 mA/cm2. 
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Figure 5-37. Galvanostatic cycling curve of the cell with 2k30 sample as separators at J = 0.5 mA/cm2. 
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Figure 5-38. Galvanostatic cycling curve of the cell with 2k50 sample as separators at J = 0.5 mA/cm2. 
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Figure 5-39. Galvanostatic cycling curve of the cell with 2k70 sample as separators at J = 0.5 mA/cm2. 
 
0 5 10 15 20 25 30 35 40
0
500
1000
1500
2000
2500
3000
3500
 
 
C
d
 (
C
/c
m
2
)
% PEG250  
Figure 5-40. Total charge passed per cm2 vs. PEG250 content for POSS-4PEG2k samples under current 
density of 0.5 mA/cm2. 
 
When plotting charge passed before short-circuit with modulus, it is seen that the 
higher modulus materials can go through more charges before failure, but no linear or log 
relationship is observed between modulus and Cd (Figure 5-41). However, when the 
reciprocal of Cd is plotted with modulus, a linear relationship can be observed between 
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1/Cd and log(modulus) for samples with high moduli (Figure 5-42). By extrapolating the 
linear relationship, it is observed that with a modulus of about 4.5 MPa, 1/Cd goes to 0 and 
Cd goes to infinity. Like the result found from galvanostatic polarization data, this value is 
much smaller than the theoretical modulus required to prevent short-circuit.  
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Figure 5-41. Total charge passed per cm2 vs. Young’s modulus for POSS-4PEG2k samples under J = 0.5 
mA/cm2 with (a) linear scale and (b) log10-scale x-axis. 
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Figure 5-42. Reciprocal of charge passed to short-circuit vs. Young’s modulus for POSS-4PEG2k under J = 
0.5 mA/cm2. 
 
Comparing the results from Figure 5-42 with the work from Ref. [39] and [51] 
(Figure 5-43), it is seen that the crosslinked network from Ref. [51] or this work do not fall 
on the Cd vs. modulus relationship proposed in Ref. [39]. This may indicate that crosslinked 
polymer electrolyte network may have different correlation from block-copolymers, but 
this may also mean that there are some other relationships that are important to characterize 
the property-performance relationship. 
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Figure 5-43. Reciprocal of total charge passed to short-circuit vs. modulus adapted from [39]. Black dots 
are data from PEO or PS-b-PEO electrolytes. Yellow dot is data from [51]. Blue dragon is the data from 
this work. 
 
From the plot of Cd versus ionic conductivity (Figure 5-44), an inverse relationship 
trend is observed, and the linear fit of the data show good fitting but not totally perfect. 
However, when plotting Cd versus the ratio between modulus and ionic conductivity, the 
data show near perfect linear relationships (Figure 5-45). The result gives a relationship of 
the parameters as: 
𝐶𝑑 = 𝑎𝐺
𝑛𝜎𝑚 + 𝐶𝑑0 
where G is the modulus and σ is the ionic conductivity of the electrolyte, and a, n, m, and 
𝐶𝑑0 are the fitting constants. In this case, n ≈ 1, m ≈ -1. The plot also shows that the data 
from Ref. [51] also follow this relationship. 
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Figure 5-44. Total charge passed vs. ionic conductivity for POSS-4PEG2k samples under J = 0.5 mA/cm2. 
Yellow dot is data from [51]. 
 
 
Figure 5-45. Total charge passed vs. the ratio between Young’s modulus ionic conductivity for POSS-
4PEG2k samples under J = 0.5 mA/cm2. Yellow dot is data from [51]. 
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Although this result might indicate that materials with very high modulus and low 
ionic conductivity may have the best performance, when selecting and designing the 
electrolyte materials, as materials with very high modulus typically have bad contact with 
electrodes, and low conductivity materials will have low J* that limit the current density 
that the electrolyte can be used. Therefore, polymer electrolyte materials with Young’s 
modulus close to 4.5 MPa with good ionic conductivity is desired for lithium-metal 
polymer battery applications. 
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Chapter 6. Conclusions 
 
 
6.1. Summary 
The experimental results in this thesis show that: 
 Addition of PEG250 plasticizer does not change the crosslink network 
structure of POSS-PEG polymer electrolytes. 
 The plasticized polymer electrolytes have good thermal, chemical, and 
electrochemical stabilities. 
 The electrolytes have good compatibilities with lithium metal and can be 
used for lithium-metal batteries. 
 Increase in plasticizer load increases ionic conductivity but decreases in 
mechanical property. 
 Total charge passed through the cell before short-circuit increases with 
modulus and decreases with conductivity of the electrolyte. 
 Optimal electrolyte material should be soft for good contact, high ionic 
conductivity for a larger working current density range, and high 
modulus:conductivity ratio. 
 
 
6.2. Outlooks 
6.2.1. POSS-4PEG6k 
One direction for the future work is to study the unplasticized and plasticized 
POSS-4PEG6k sample which has networks with POSS:PEG ratio of 1:4 using PEG with 
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molecular weight of 6000 g/mol. Such crosslinking ratio has the most efficient crosslinking 
density as the end groups of POSS and PEG has the ratio of 1:1. Also, previous work has 
shown that POSS-4PEG2k has better properties than POSS-2PEG2k [53], so similarly, the 
properties of POSS-4PEG6k should be more desirable than POSS-2PEG6k.  
FTIR spectrum of unplasticized POSS-4PEG6k0 shows very similar characteristic 
peaks with the unplasticized POSS-2PEG6k0 sample (Figure 6-1). This is expected as the 
structures as the functional groups on the two samples should be the same.  
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Figure 6-1. FTIR spectra of POSS-2PEG6k and POSS-4PEG6k 
 
DSC curves (Figure 6-2) show that POSS-4PEG6k0 has higher Tg, Tm, and 
crystallinity comparing to POSS-2PEG6k0 (Table 6-1).  
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Figure 6-2. DSC curves of POSS-2PEG6k0 and POSS-4PEG6k0. 
 
Table 6-1. Thermal properties of POSS-2PEG6k0 and POSS-4PEG6k0 measured by DSC 
 Tg (˚C) 
Δcp 
(J/g-˚C) 
Tm, onset 
(˚C) 
Tm, peak 
(˚C) 
ΔH 
(J/g) 
%X 
POSS-
2PEG6k0 
-46.95 0.404 14.37 29.41 27.81 13.7% 
POSS-
4PEG6k0 
-38.42 0.314 25.40 38.37 48.39 23.8% 
 
Conductivity data shows that POSS-4PEG6k0 sample has significantly higher ionic 
conductivity that POSS-4PEG2k0 and POSS-2PEG6k0 at high temperatures (Figure 6-3). 
As the POSS-4PEG6k0 sample has a melting point of about 38˚C, the sample is crystalline 
at room temperature, so the conductivity is lower at 30˚C. This may hinder room 
temperature application of the material, but plasticizing the sample with PEG250 should 
lower the melting temperature of POSS-4PEG6k similar to the behavior in POSS-2PEG6k 
shown in Section 4.2, so the plasticized samples may be suitable for room temperature 
application as they would have even higher conductivity. Also, the galvanostatic 
polarization experiments of the samples can be used to for further understanding of lithium 
dendrite growth mechanism in crosslinked and plasticized polymer electrolytes. 
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Figure 6-3. Conductivity data of unplasticized crosslinked SPEs. 
 
 
6.2.2. Mixed plasticizer for SPEs 
In the literature [93], it has shown that adding mixed liquid electrolytes can provide 
different coulombic efficiency and therefore change the performance of the electrolyte in 
lithium-ion batteries (Figure 6-4). Despite the mechanism of mixed electrolyte in lithium-
ion batteries is still not clear, adding a different electrolyte species may improve the 
performance of the battery significantly, such as 4UA and 5UA samples in Figure 6-4b.  
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Figure 6-4. (a) 1/(Charge slippage) (Units are cycle/mAh) vs. 1/(1 – CE) (no units) showing that oxidation 
reactions at the positive electrode account almost exclusively for the departure of coulombic efficiency 
from the ideal value of 1.00000 and (b) number of cycles to failure at 1.6 Ah (cycling at 1C) vs. 1/(1 – CE). 
The solid line is a fit to the results for the non-proprietary additives.[93]  
 
Based on such model, mixed liquid electrolytes as plasticizers in SPE may induce 
similar improvement of performance. Different electrolytes may also affect the mechanical 
properties of the SPE differently. Therefore, mixed plasticizers can be researched for 
crosslinked network SPE.  
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